An amperometric sensor for L-Cys is described which consists of a glassy carbon electrode (GCE) that was modified with reduced graphene oxide placed in a Nafion film and decorated with palladium nanoparticles (PdNPs). The film was synthesized by a hydrothermal method. The PdNPs have an average diameter of about 10 nm and a spherical shape. The modified GCE gives a linear electro-oxidative response to L-Cys (typically at +0.6 V vs. SCE) within the 0.5 to 10 μM concentration range. Other figures of merit include a response time of less than 2 s, a 0.15 μM lower detection limit (at signal to noise ratio of 3), and an analytical sensitivity of 1.30 μA·μM
Introduction
L-Cys is the simplest amino acid that plays a critical role in antioxidant defenses and it also helps in boosting the immune system. The abnormal level of L-Cys may lead to several clinical situations for example the slow growth, hair depigmentations, edema, liver damage, muscle and fat loss [1, 2] . The excessive levels of L-Cys may link to the Alzheimer's disease, Parkinson's disease and autoimmune deficiency syndrome [3] . Therefore, the development of a simple and effective method for quantification of L-Cys is of great significance in biological and clinical applications especially in the disease diagnosis. The electrochemical method has been the best approach for developing a simple and sensitive L-Cys sensor. This is associated with their easy operation with low cost, fast response, low detection limit, and high sensitivity. In this regard, carbon-based materials for example multi-walled carbon nanotubes (MWCNTs) [4] , ordered mesoporous carbon (OMC) [5] , and graphene [6] were commonly employed as electrode materials for electrochemical sensor.
Considering the merits of graphene including large specific surface area, and excellent conductivity, it has been widely applied in electrochemical sensor especially for detecting various bioanalytes. To date, the strategy of combining the metal nanoparticles with graphene to produce graphene-metal nanocomposites resulted in great improvement in sensing performance [7] [8] [9] . Among the diverse metal nanomaterials, PdNPs have attracted enormous attention owing to their Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00604-018-2782-x) contains supplementary material, which is available to authorized users.
outstanding physical and chemical properties including excellent electrical conductivity, good catalytic activity, and excellent binding capability with graphene [10] . Nevertheless, the use of graphene-metal nanocomposites as electrode modifier faces several problems like agglomeration, stability and cross-interference issues. In order to address those drawbacks issue, several modified electrodes have been constructed with conducting polymer especially Nafion. Nafion is a conducting polymer with excellent antifouling properties, high permeability to cations, and chemical inertness. The hydrophobic backbone owned by Nafion helps to improve the dispersity of graphene and imparted stability to the nanohybrid material [11] .
Herein, we describe a nanohybrid material based on reduced graphene oxide (rGO), Nafion and PdNPs using hydrothermal technique. The rGO-Nafion@Pd nanohybrid was used to modify GC electrode to fabricate GC/rGONafion@Pd sensor for accurate quantification of L-Cys concentration. Three rGO-Nafion@Pd nanohybrids with different Pd contents were prepared in order to investigate its influence on the electrocatalytic activity toward oxidation of L-Cys. The performance of the modified electrode at various experimental conditions (concentration of analyte, scan rates, sample loaded and pH) were tested with the intention of getting the optimum condition for the electrochemical determination of L-Cys. Moreover, the presence of PdNPs in this nanohybrid further induces the effective electrocatalytic activity with respect to the oxidation of L-Cys. Nafion was used to improve the dispersion of graphene in aqueous solution which at the same time enhance the stability of the modified electrode. Other than that, it also play an important role as a binder to help other modifiers effectively adheres on electrode surface, thereby leading to faster diffusion of analyte into the electrode [12] . Additionally, this method was also successfully applied to determine L-Cys concentration in human urine and interestingly, it shows highly satisfactory results with excellent recoveries revealing its potential for practical analytical application. 4 .2H 2 O), sodium nitrite (NaNO 2 ), uric acid, glucose, sodium chloride (NaCl), L-Cys, and L(+)-ascorbic acid were purchased from Sigma-Aldrich (www.sigmaaldrich.com). Aqueous solutions were prepared in double distilled water. All chemicals and solvents were used without any further purification unless other-wise stated.
Experimental section

Materials and reagents
Characterization techniques
The crystalline phases of the samples were collected with Xray diffraction (XRD; PANalytical Empyrean), using copper Kα radiation (λ = 1.5418 Å) at a scan rate of 0.02 s . Raman spectrum of the nanohybrid was collected using a Renishaw inVia Raman microscope linked to the 514 nm line of an argon ion laser as the excitation source and performed at room temperature. The morphologies of the samples were examined using a Hitachi SU8030 Scanning Electron Microscope (SEM) operated at 5.0 kV and FEI TECNAI G2 F20 X-TWIN Transmission Electron Microscope (TEM) operated at 200 kV. The nanohybrid materials were drop-casted on a silicon wafer, which was used as the substrates for Field Emission SEM (FESEM) characterization. The sample for High-resolution TEM (HRTEM) measurement was prepared by placing a drop of sample solution on a copper grid and dried overnight under ambient condition.
Synthesis of rGO-Nafion@Pd nanohybrid
The rGO-Nafion@Pd nanohybrid was prepared using hydrothermal method. Briefly, 10 mL of Nafion solution (10 mg· mL ) solution and the mixture was subjected to horn type sonication for 30 min. The GO solution was prepared using Simplified Hummers' method [13] . Nafion solution was prepared by placing 100 mg of Nafion powder in a glass beaker containing a mixture of 5 mL ethanol and 5 mL DIW (1:1 v/v). Next, 2 mL of Na 2 PdCl 4 solution was added in the mixture and stirred for 15 min at room temperature. For a control experiment, three different concentrations of Na 2 PdCl 4 (3, 6, and 9 mM) were used. Then, 13 mL NH 4 OH was added drop wise into the mixture to avoid sudden agglomeration. The mixture was stirred continuously for another 15 min to make sure the entire compounds used were well blended before transferred it into an autoclave and subjected to the hydrothermal reduction at 180°C for 16 h. Afterward, the black solution were washed several times with DI water and ethanol and then dried in oven for 24 h. The final products were named as rGO-Nafion@Pd3, rGO-Nafion@Pd6, and rGO-Nafion@Pd9 nanohybrids. 3, 6, and 9 referred to the concentration of Pd precursor used that is 3, 6, and 9 mM. The schematic illustration for preparing these nanohybrids was shown in Scheme 1.
Fabrication of GC/rGO-Nafion@Pd modified electrode
The modified electrode was prepared by a simple drop-casting method. In a typical procedure, a GC electrode was polished with 0.05 μm alumina slurry on a polishing cloth for a few times before rinsed with distilled water. Then, the electrode was undergone pretreatment by running 20 cycles of CV at potential between +1 and − 1 V in 0.1 M H 2 SO 4 solution. After the cleaning process, 5 μL of the nanohybrids solution (1 mg·mL
) were drop-cast onto the pre-treated GCE surface and air-dried at room temperature for about 30 min. The electrochemical experiments were performed with a VersaSTAT 3 by Princeton Applied Research using a conventional threeelectrode system. The GC/rGO-Nafion@Pd modified electrode was used as the working electrode, a saturated calomel electrode (SCE) as the reference electrode and platinum wire as the counter electrode. All electrochemical experiments were performed at room temperature. The amperometric method was employed under the optimum conditions in order to determine L-Cys using the modified electrode. An appropriate amount of L-Cys were dropped into a stirred 0.1 M phosphate buffer (pH 7) under the ambient condition and the results were collected with a time interval of 60 s. The amperometric detection was carried out at +0.6 V versus SCE reference electrode.
Results and discussion
Choice of materials
Graphene-based material can further benefit electrochemical sensors because it possesses high electrical conductivity, large surface area, fast mass transfer and excellent stability which can enhance the electrochemical activity of important bioanalytes. The hybridization of PdNPs together with graphene is driven by its excellent physical and chemical properties, which is capable to enhance the electroactive surface area and improving the electrocatalytic features of the electrode. The incorporation of Nafion in the nanohybrid helps to improve the dispersibility of the nanohybrid and at the same time increase the stability of the sensor electrode.
Characterization of rGO-Nafion@Pd Nanohybrids
The structural characterization of the nanohybrids was first examined using the X-ray diffraction (XRD) and the results are presented in Fig. 1(a) . The XRD patterns in inset of Fig.  1 (a) illustrate the spectra obtained from GO and rGO. One sharp characteristic peak can be observed in the XRD pattern for GO that centered at 10.5°, which is attributed to the introduction of various oxygen functional groups (hydroxyl, epoxy, carbonyl groups, etc.) on both sides of the graphene layers [14] . The appearance of a big bump at about 25°in the XRD patterns of rGO demonstrates the occurrence of GO Scheme 1 Schematic drawing of the synthesizing the rGONafion@Pd nanohybrid using simple hydrothermal method reduction during the hydrothermal process to form rGO. A small peak at 42.3°can be correlated with the (1 0 0) plane of the hexagonal structure of carbon [15] . Three obvious peaks can be seen at 40.2, 46.7, and 68.2°which can be well indexed to the (1 1 1), (2 0 0), and (2 2 0) planes respectively, that derived from the standard Pd phase (JCPDS 01-089-4897) ( Fig. 1(a)(i-iii) ). The XRD features owning to the rGO almost disappear in the XRD patterns of rGO-Nafion@Pd nanohybrids due to the strong diffraction pattern of Pd that become dominant. Moreover, it is important to note that the peak intensity increased with the increase in the concentration of Pd precursor from 3 to 9 mM, implying that more PdNPs has formed on the rGO-Nafion sheets. The results of the XRD analysis reveal that the rGO-Nafion@Pd nanohybrids have been successfully synthesized. Figure 1 (b) presents the Raman spectra of GO and three different rGO-Nafion@Pd nanohybrids from 1200 to 1800 cm −1 , which reveal two prominent peaks appeared in Raman spectra for all samples. The first peak observed at 1355 cm −1 can be assigned to the D band which associated with structural defects and partially disordered structures of the sp 2 domains [16] . The second peak observed at 1602 cm
is ascribed to the G band which originated from the vibrations of sp 2 carbon atom domains of graphite [17] . The intensity ratio of D to G bands (I D /I G ) provides the information regarding the degree of graphitization. The I D /I G of nanohybrid samples is higher than GO due to the defect after the removal of oxygen functional groups during the reduction process. The introduction of large amounts of sp 2 carbon networks with small average sizes also contributed to this effect [17] . The results further confirm the successfully reduction of GO to form rGO after hydrothermal process. The blue shift in G band position of rGO-Nafion@Pd nanohybrids compared with that of GO can be observed, which reveal the occurrence of chemical interaction between rGO-Nafion and PdNPs [18] .
The morphological characterization of rGO-Nafion and rGO-Nafion@Pd nanohybrids has been carried out by FESEM and HRTEM, and the detailed discussion on the results are provided in the Supporting Information (Fig. S1 & S2) . The elemental mapping images from FESEM of rGO-Nafion@Pd6 nanohybrid revealed the distribution of Pd, carbon (C), oxygen (O), and fluorine (F) in the selected area of the rGO-Nafion@Pd6 nanohybrid Fig. 2(a) . Notably, the presence of Pd element indicated that the PdNPs are formed on the rGO-Nafion surface. To get clearer picture on the morphology of the rGO-Nafion@Pd nanohybrids, the HRTEM analysis was conducted. It is clearly seen in Fig. 2(b) that spherical PdNPs are successfully loaded on the surface of rGO-Nafion sheets. This indicates that rGONafion is an effective supports for PdNPs. Notably, the PdNPs that attached to the rGO-Nafion surface are scattered on the sheets with a large deposition density as the concentration of Pd precursor is increased, but the particles sizes do not change obviously. However, the PdNPs started to form agglomeration when we increase the amount of Pd precursor to 9 mM due to the aggregative growth of the small particles during the reduction process (Fig. S3(B) ). As shown in the inset of Fig. 2(b) , the individual Pd particle on the rGO-Nafion sheet shows a lattice spacing of 0.225 nm which corresponds to the (1 1 1) crystal plane for PdNPs. Figure 2 (c) displays the particle size distribution histograms of PdNPs from HRTEM image of rGO-Nafion@Pd6 nanohybrid. The particle sizes of Pd calculated from HRTEM image of rGO-Nafion@Pd6 nanohybrid are found to be in the range of 4 to 12 nm. These observations proved that PdNPs are successfully embedded into the rGONafion sheet. The concentration of Pd precursor does not obviously affect the particle size and morphology but it does influencing the distribution of PdNPs on the rGO-Nafion surface. The HRTEM images of rGO-Nafion@Pd3 and rGONafion@Pd9 nanohybrids with their corresponding histogram of PdNPs sizes are shown in Fig. S3 . b Fig. 1 (a) XRD spectra of (i) rGO-Nafion@Pd3, (ii) rGONafion@Pd6, and (iii) rGONafion@Pd9 nanohybrids. Inset: XRD spectra for GO and rGO. (b) Raman spectra of (i) rGONafion@Pd3, (ii) rGONafion@Pd6, and (iii) rGONafion@Pd9 nanohybrids. Inset: Raman spectra for GO
Electrochemical determination of L-cysteine
Electrocatalytic oxidation of L-cysteine
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were used to investigate the electrochemical behavior of rGO-Nafion@Pd nanohybrid modified electrode. The CV test were performed at a scan rate of 50 mV·s 3−/4-and the detailed information are provided in the Supporting Information (Fig. S4) . Figure 3 exhibits the CV curves for bare GCE and other modified electrodes in the presence of 5 mM L-Cys. It can be seen in Fig. 3(a) that there is no apparent redox peaks appearance under the given potential window of 0 to +0.8 V in the presence of 5 mM L-Cys for bare GCE. However, there is negligible current density when the GC/Nafion was used as working electrode. An apparent oxidation peak at about +0.58 V can be observed in CV for GC/GO and GC/rGO where the current density for L-Cys at GC/rGO obviously higher than at GC/GO, as a result of high conductivity and large specific surface area of rGO. It is notable that the peak current density of L-Cys clearly increased after modifying the GCE with rGO-Nafion@Pd nanohybrids as depicted in Fig. 3(b) . This indicated that the rGONafion@Pd nanohybrids have excellent electrocatalytic ability towards the oxidation of L-Cys. An anodic peak can be observed at potential of +0.58, +0.60, and + 0.52 V for GC/rGO-Nafion@Pd3, GC/rGO-Nafion@Pd6, and GC/rGO-Nafion@Pd9, with a current density of 0.644, 0.732, and 0.695 mA·cm −2 , respectively. The enhanced electrochemical performance of the GC/rGO-Nafion@Pd modified electrode is attributed to the following factors: (i) excellent electrical conductivity owned by rGO helps to promote and accelerate the electron transfer between modified electrode and target analytes, (ii) synergistic effects of rGO-Nafion films and PdNPs further facilitates the electron transfer processes between the electrolyte and the modified electrode, (iii) the unique sheets-like structure of rGO-Nafion films with large surface-to-volume ratio and high dispersity offers more active surface areas for the occurrence of the reaction, (iv) the presence of Pd particles with nanosize provides higher effective surface areas for analytes interaction. The high density of PdNPs decorating on the rGO-Nafion sheets (compare to rGO-Nafion@Pd3 nanohybrid) with well distribution (compare to rGONafion@Pd9 nanohybrid) led to fast diffusion of target analytes into the nanohybrids film. It has been the reason for the excellent electrocatalytic performance of rGONafion@Pd6 nanohybrid compared to other nanohybrids. Based on this result, the GC/rGO-Nafion@Pd6 modified electrode is more effective in detecting the L-Cys, therefore this sensor electrode was used for the following studies. As reported in previous literature, L-Cys will be electro-oxidized and forming Cystine upon the application of a potential to the GC/rGO-Nafion@Pd modified electrode [19, 20] . This electro-oxidation process of L-Cys involves the transfer of two electrons and two protons. The schematic diagram of the proposed sensing mechanism is presented in Scheme S1. In order to evaluate the catalytic response of GC/rGONafion@Pd6 modified electrode toward the oxidation of LCys, a series of CV were recorded for different concentrations of L-Cys as shown in Fig. 3(c) . It can be observed that the current density increases on increasing the concentration of LCys. Figure 3 toward the oxidation of L-Cys. A series of experiments were performed to establish optimal conditions for L-Cys detection including different scan rates, rGO-Nafion@Pd6 loading, and pH value of the phosphate buffer. The results are presented in Supporting Information (Fig. S5, S6 , and S7). Figure 4(a) shows the amperometric responses curves of the GC/rGO-Nafion@Pd6 modified electrode for successive addition of L-Cys into a stirred 0.1 M phosphate buffer (pH 7) under the ambient condition and with a time interval of 60 s. The amperometric detection was carried out at +0.6 V versus SCE reference electrode. The sensor does not show any current response in the buffer but the current started to increase upon the addition of 0.5 μM L-Cys.
Amperometric response of L-cysteine
Interestingly, the sensor electrode shows a fast respond as it took about 2 s to achieve the steady-state current, hence suggesting the good catalytic activity toward L-Cys that owned by GC/rGO-Nafion@Pd6 modified electrode. As presented in Fig. 4(b Table 1 reviews the analytical performance of the present study with earlier reports based on electrochemical sensors towards the detection of L-Cys. Particularly, the GC/rGONafion@Pd6 modified electrode shows a comparable result with that reported previously. The excellent sensing performance with low detection limit at fast response time as well as high sensitivity and selectivity toward L-Cys detection exhibited by GC/rGO-Nafion@Pd6 modified electrode making it a promising platform for developing L-Cys sensors in biological applications.
Interference study
The amperometric response of GC/rGO-Nafion@Pd6 modified electrode for the successive injections of L-Cys and several possible interfering substances into a continuously stirred phosphate buffer at a fixed applied potential of +0.6 V versus Fig. 4(c) , a significant increase in the current density is observed in the presence of 5 μM L-Cys, but no further obvious current density change is observed with the subsequent addition of 100 μM of AA, UA, DA, H 2 O 2 , urea, and glucose. This result confirms that the stated substances do not interfere in the determination of L-Cys even though high concentration of interfering substance (20 fold) has been used. Therefore, these results suggest that the sensor electrode has excellent selectivity toward the detection of L-Cys. The reproducibility, repeatability, and stability of the sensor electrode were also been studied and the details discussions are presented in Supporting Information (Fig. S8) .
Recovery studies
An amperometric detection method was conducted to evaluate the practical applications of the sensor and the standard addition method was used to detect L-Cys in human urine samples. The urine samples were collected from two healthy individuals and it has been diluted 10 times with DI water before being used as the blank solution. A stock solution of L-Cys was prepared by adding a known amount of L-Cys powder in 5 mL of diluted human urine samples and sonicated for 15 min. Next, a known amount of those stock solutions were spiked into phosphate buffer (pH 7) to produce a final L-Cys concentration of 5, 10, and 20 μM. The concentration of LCys was determined from the current response obtained by amperometry experiment at an applied potential of +0.6 V (versus SCE). A minimum of three determinations were recorded for each target concentrations and the percentages of the recovery values were calculated. It has been done by comparing the concentrations obtained from the samples with actually added concentrations. The results of real sample analyses are summarized in Table 2 . According to these results, the calculated recovery percentage for three different concentration of L-Cys ranging from 97.2 to 101% with RSD values ranging from 1.08 to 3.05%. These results verify the practical applicability of the sensor for the determination of L-Cys in human urine samples with satisfactory results.
Conclusion
In conclusion, a hydrothermally synthesized rGO-Nafion@Pd films modified GC electrodes were successfully applied for the electrochemical determination of L-Cys. Under optimized experimental conditions, the rGO-Nafion@Pd6 modified electrode demonstrated a good sensing performance in terms of fast response (less than 2 s), detection limit (0.15 μM), sensitivity (1.30 μA·μM
), selectivity, reproducibility, repeatability, and stability towards the determination of LCys. The high conductivity and large specific surface area possessed by rGO and a good catalytic activity owned by PdNPs were the key factors for promoting the electron transfer processes in the oxidation of L-Cys. The sensor was not affected by the addition of 20-fold higher concentration of many coexisting compounds such as AA, UA, DA, H 2 O 2 , urea, and glucose. Furthermore, it was proven from the real sample analysis that this method can be used for the detection of LCys in practical samples such as human urine with satisfactory recovery results. However, in this report, the application of the rGO-Nafion@Pd modified electrode is limited for the on-line monitoring of L-Cys present in the human urine samples. Overall, the rGO-Nafion@Pd nanohybrid can be considered as being a promising sensor material.
